ABSTRACT: Several isolates of aquatic birnaviruses were recovered from different species of wild fish caught in the Flemish Cap, a Newfoundland fishery close to the Atlantic coast of Canada. The nucleotide sequence of a region of the NS gene was identical among the isolates and was most similar to the Dry Mills and West Buxton reference strains of infectious pancreatic necrosis virus (IPNV). Phylogenetic analysis of the sequence of a region of the VP2 gene demonstrated that the isolates were most closely aligned with the American strains of IPNV serotype A1. Electron microscopy of virus structures clarified and concentrated from cultures of infected chinook salmon embryo (CHSE-214) cells revealed a majority of typical IPNV-like icosahedral particles, as well as a low proportion of type I tubules having a diameter of approximately 55 nm and a variable length of up to 2 µm. The tubules could be propagated in cell cultures, but always in the presence of low proportions of icosahedral particles. Cloning of selected isolates by serial dilution yielded preparations with a high proportion of the tubular structures with a density in CsCl gradients of approximately 1.30 g cm -3 . Polyacrylamide gel electrophoresis revealed the material in the band was composed of the IPNV pVP2 and VP2 proteins.
INTRODUCTION

Infectious pancreatic necrosis virus (IPNV) is the type species of the Aquabirnavirus genus of the family
Birnaviridae (van Regenmortel et al. 2000) . This family of single-shelled, non-enveloped, icosahedral viruses, so called because their genome consist of 2 segments of double-stranded RNA (Dobos et al. 1979) , also includes infectious bursal disease virus (IBDV) of domestic fowl (Müller et al. 1979 ) and Drosophila X virus of Drosophila melanogaster (Teninges et al. 1979) .
As one of the most important viral pathogens of trout and salmon, highly virulent strains of IPNV can cause greater than 90% mortality in fry less than 4 mo of age. Survivors of infection may remain life-long asymptomatic carriers and can serve as reservoirs of infection (McAllister et al. 1987) .
The genome of IPNV consists of 2 segments of double-stranded RNA that are surrounded by a singleshelled icosahedral capsid of 60 to 65 nm in diameter (Dobos 1976) . The larger genome segment A (3.2 kb) contains 2 partially overlapping open reading frames (ORFs). The largest encodes a 106 kDa polyprotein (5'-pVP2-NS-VP3-3'), which is co-translationally cleaved by the viral nonstructural (NS or VP4; 29 kDa) protease to generate pVP2 (63 kDa) and VP3 (29 to 31 kDa) proteins (Huang et al. 1986 , Duncan et al. 1987 , Nagy et al. 1987 ). The pVP2 is processed into the mature 50-55 kDa VP2 (Manning & Leong 1990) . Both VP2 and VP3 are major components of the virion, while VP4 is present in smaller amounts. Major neutralizing epitopes are carried on VP2, suggesting that it is at least partly exposed in the outer surface of the capsid; this protein is glycosylated in the virion and freely in the cytoplasm (Hjalmarsson et al. 1999 , Espinoza et al. 2000 . The VP3 contains a very basic carboxy-terminal region, which is likely to interact with the packaged RNA and, therefore, believed to be inside the capsid. Segment A also encodes a 17 kDa arginine-rich NS protein (VP5) from a small ORF, which precedes and partially overlaps the major polyprotein ORF (Håvarstein at al. 1990) . Although this protein is not present in the virion, it is detected in IPNV-infected cells (Magyar & Dobos 1994) and it could be involved in the regulation of the host apoptosis-off system for enhancing progeny production (Hong et al. 2002) . The smaller genome segment B (2.9 kb) contains one ORF that encodes VP1, a protein of 90 to 110 kDa considered to be an RNA-dependent RNA polymerase (RdRp) responsible for the replication and transcription of the viral genome. Preparations of purified IPNV virions have been reported to contain both full and empty icosahedral virions as well as tubules having a diameter of approximately 50 nm (type I), made up of regularly repeated subunits and composed mainly of pVP2 (Granzow et al. 1997b , Crane et al. 2000 , Espinoza et al. 2000 . However, the origin and function of these tubules is still unknown. Whereas type I tubules were observed in cells infected by members of all genera of Birnaviridae (Teninges et al. 1979 , Schwanz-Pfitzner et al. 1984 , Özel & Gelderblom 1985 , type II tubules, which contain VP4, were only detected in cells infected with IBDV or in purified IBDV preparations (Granzow et al. 1997a) .
Most aquatic birnaviruses, regardless of host species or geographic origin, are antigenically related and are members of a single large serogroup A (Caswell-Reno et al. 1989 , Christie et al. 1990 , Nicholson 1993 . A relatively few antigenically unrelated aquatic birnaviruses are members of a second, minor serogroup B. On the basis of reciprocal neutralization tests with polyclonal antisera and enzyme immunoassays with monoclonal antibodies, serogroup A has been demonstrated to contain 9 serotypes, named A1 to A9 (Hill & Way 1995 In the summers of 1994 and 1999, our laboratory collected tissues samples from marine fishes at the Flemish Cap (Newfoundland). During the FC'99 oceanographic campaign, most of the viruses isolated were identified as birnavirus-like viruses but, interestingly, electron microscopy revealed the presence of tubular structures together with icosahedral virus-like particles (Romero-Brey et al. 2002) . In this study, we sought to further characterize and to compare these isolates, as well as to determine the nature and composition of the tubules. by Blake et al. (1995) , was used to confirm that the isolates under study were aquatic birnaviruses. Primer sets Pr IB and Pr IB VP2 , employed for sequencing, were selected on the basis of published sequences of the genome segment A of the West Buxton (GenBank # AF342727) and Dry Mills (GenBank # AF343571) strains (Blake et al. 2001 ). In addition, to amplify a sufficient quantity of DNA for direct sequencing, we designed a nested-PCR using 2 pairs of primers (external and internal).
MATERIALS AND METHODS
Viruses
Release of viral RNA and RT-PCR amplification was performed as previously reported by Huang et al. (1996) , with slight modifications: 100°C for 10 min instead of 95°C for 2 min for the release of RNA, and using 30 cycles instead of 25 in the nested PCR.
PCR products (10 ml) were analyzed on 1.5-2% agarose DNA Grade gels (Fisher Scientific) in TBE buffer (0.89 M Tris, 0.89 M Boric acid, 0.02 M EDTA) at 200 V for 45 min. The gels were stained with ethidium bromide and visualized under UV light.
DNA sequencing and sequence analysis. Prior to sequencing, the PCR products were purified using the commercial StrataPrep TM PCR Purification kit (Stratagene), following the protocol described by the manufacturer. The purified PCR products were sequenced using Taq polymerase-mediated incorporation of dyelabeled dideoxy terminators (ABIPrism ‚ Big Dye TM Terminator, Cycle Sequencing Ready Reaction Kit). The labelling reaction mixture was purified using SpinColumns (Sephadex TM G-50 Medium, Amersham Pharmacia Biotech AB). The sample was dried in a vacuum centrifuge, resuspended in 25 µl of TSR (Template Supression Reagent, Applied Biosystems) and subjected to sequencing in an ABI Prism 310 Genetic Analyzer (Perkin Elmer). The sequences were obtained by a 310 Data Collection Software, version 3.0, and edited using the Sequence Navigator (Applied Biosystems) program. Deduced amino acid sequences were derived with the DNASTAR (Lasergene) EditSeq computer program. Multiple sequence alignments were performed using DNASTAR (Lasergene) MegAlign program, with suggested parameters of Unweighted Gap penalty of 10 and Gap length penalty of 10. Phylogenetic trees were constructed with the MegAlign program, using a Clustal algorithm. Apart from the main serotypes of IPNV, the marine birnaviruses yellowtail ascites virus (YAV) and blotched snakehead virus (BSV), as well as IBDV, were included with comparative purposes.
Viral nucleic acid analysis. Analysis of genomic electropherotypes was performed as previously described by Cutrín et al. (2000) . Reference strains of IPNV Ab, Sp, WB, C1, C2 and Ja were used as controls. Viral RNA from the aquareovirus HBR was included as a molecular weight marker (Dopazo et al. 1992) .
Protein analysis. Supernatant fluids from CHSE-214 and EPC cell cultures exhibiting a cytopathic effect (CPE) were collected and centrifuged for 30 min at 1 500 × g. The supernatants were ultracentrifuged for 90 min at 90 000 × g and the pellets resupended in 100 ml of sample buffer (20 mM Tris-HCl, 5 mM EDTA, 1M NaCl). Culture fluid from uninfected cells was also included as a negative control. Viral proteins were analysed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) according to the method of Laemmli (1970) lamide gel in a Mini-PROTEAN ® II vertical gel electrophoresis system (Bio-Rad), at 200 V for 2 h. Before electrophoresis, samples were mixed 1:1 with 2 × sample buffer and heated at 100°C for 10 min. The Buhl strain of IPNV and non-infected CHSE-214 and EPC cells were included as controls. Polypeptide bands were detected by Coomassie blue staining.
Western blot analysis. Following SDS-PAGE, proteins were transferred to 0.45 mm nitrocellulose sheets (Bio-Rad) at 80 V for 90 min at 4°C, using the buffer system described by Towbin et al. (1979) . Western blot analysis was performed using a polyclonal antibody against IPNV obtained from rabbit. The membranes were blocked for 1 h in a solution of 10% milk in PBS at 37°C, washed 3 times (20 min each) with PBS-Tween 20 (0.05%), and reacted with antiserum that was diluted 1:1000 in PBS at room temperature for 2 h on a slow-speed flat-bed orbital shaker. The membranes were washed and then incubated for 1 h at room temperature with anti-rabbit appropriate secondary antibody conjugated to alkaline phosphatase (Anti-rabbit Ig G:AP, adsorbed with Human Ig G; Stressgen) diluted 1:1000 with PBS-Tween 20 (0.05%). After washing, the membranes were developed with an AP conjugate substrate (Bio-Rad) at room temperature for 5 to 20 min.
CsCl density gradient centrifugation. Fluids from CHSE-214 cell cultures exhibiting CPE were collected and centrifuged for 30 min at 3 000 × g. The supernatant was ultracentrifuged for 90 min at 90 000 × g, and the pellets resupended in 500 ml Hanks' balanced salt solution and sonicated for 30 sec at 20 Kcal. The samples were placed on the top of a discontinuous CsCl gradient: 40, 30 and 20% CsCl in 1 × SSC, and centrifuged at 115 000 × g for 22 h at 4°C in a swinging bucket rotor (Beckman SW 50.1). Virus bands were readily located by light scattering and collected from each gradient separately. The refractive indices were measured using a refractometer (Bausch & Lomb) and the density computed from tables. These fractions were then ultracentrifuged in a Beckman TLA 45 rotor at 125 000 × g for 1 h at 4°C. The pellets were resuspended in 100 ml of sample buffer (1M NaCl, 20 mM Tris-HCl, 5 mM EDTA) and analyzed by electron microscopy and by SDS-PAGE.
Electron microscopy (EM). In total, 20 µl of the resuspended pellets were adsorbed to parlodionfilmed, carbon-coated 400 mesh copper grids. The adsorbed material was then stained with 2% (w/v) phosphotungstic acid (pH 6.09) and visualized by transmission electron microscopy (TEM, Philips CM 12). Immunogold EM was performed by the method of Novoa (1996) , using IPNV-specific antiserum as above.
RESULTS
Identification of the viral isolates by RT-PCR
All of the isolates were confirmed to be aquatic birnaviruses by means of RT-PCR using the Pr D primer pairs, which yielded amplification products of the expected size of approximately 174 bp (Fig. 2) .
Nucleotide sequences and phylogenetic analysis
Alignment of the sequences of the 174 bp fragment of the NS gene obtained by PCR amplification using primer set Pr D showed that the sequences were identical among the isolates and with published sequences of the same region of the NS gene of the Dry Mills (DM) and WB reference strains.
On the basis of these initial results, and in order to detect minor differences among the new isolates, a larger fragment of 600 bp, corresponding to most of the NS gene, was amplified by nested RT-PCR using primer sets Pr IB, and sequenced (GenBank accession numbers: AY542856 to AY542863). Of the new isolates, only one, isolate 9R3, showed a minor difference (1 nucleotide per 600 bp) from the remaining isolates, which were identical to each other and to the reference strain DM over this larger region of the NS gene.
For analysis of a region of the VP2 gene, a 428 bp fragment was amplified and the sequence of a 370 bp internal region was compared (GenBank accession numbers: AY542851 to AY542855). The analysis of (Fig. 3) , showed that the FC isolates and the WB-type reference strains belong to the same cluster. The Jasper isolate was the next most closely related strain to our isolates. Isolates representing the remaining serotypes showed a much lower relationship to the FC isolates. As expected IBDV, YAV and BSV were widely separated from the other isolates analyzed.
Nucleic acid and protein analysis
When viral genomic RNA segments were analyzed by polyacrylamide gel electrophoresis, all the FC'99 isolates appeared identical, showing an extremely narrow profile (Fig. 4) . The larger genome segment (A) had an estimated molecular weight of 2.06 MDa and the smaller genome segment (B) of 1.93 MDa. The pattern formed by the genome segments did not correspond with any of the reference strains of IPNV included in this study.
A total of 4 viral proteins having approximate molecular weights of 90, 50, 25 and 20 KDa could be distinguished from normal cellular proteins in polyacrylamide gels (Fig. 5A ). No differences were detected among the protein profiles of the isolates when concentrated crude virus from CHSE-214 infected cells was used. On the contrary, when EPC cells were infected, only isolates 19F3 B and 17R5 showed the typical 4-band pattern (Fig. 5B) . Western blot assays confirmed the viral origin of the proteins from CHSE-214 infected cells by reaction with anti-IPNV polyclonal antiserum (Fig. 5C ). Western blots of proteins from EPC infected cells (Fig. 5D) revealed that, whereas the VP3 and VP3a viral proteins were present only in strains 19F3 B and 17R5, pVP2 and VP2 were detected in all the isolates and VP1 was not detected in any isolate. No reaction with the antiserum was observed with CHSE-214 and EPC non-infected cells (data not shown).
Buoyant density and EM
Electron microscopy of the viruses concentrated from infected CHSE-214 cells revealed the presence of icosahedral particles with a diameter of approximately 60 nm (Fig. 6A) . In these preparations, a low proportion of tubular structures with a diameter of approximately 55 nm, a length of up to 2 µm, and appearing to have a helical-like symmetry were also visualized. When the isolates were propagated in EPC cells, most showed the same results by EM, and only isolates 19F3 B and 17R5 showed a high proportion of rigid tubules (Fig. 6C) . The tubular structures were demonstrated to react with IPNV-specific antiserum by immunogold staining (Fig. 6E) .
Bands of 2 different densities were obtained in CsCl gradients. When viral samples were not subjected to cloning by serial dilution, a visible band corresponding to a density of approximately 1.32 g cm -3 was obtained. Visualization of the virus concentrated from this band revealed the presence of typical icosahedral birnaviruslike particles, and only occasionally were tubular structures observed (Fig. 6B) . After cloning, 2 bands were obtained, one having the same density as described above, and another having a density in CsCl of approximately 1.30 g cm -3 in which a high proportion of tubular structures was observed by EM (Fig. 6D) .
Analysis of the protein content of the virus in the fractions collected from the 2 bands was carried out by SDS-PAGE. As shown in Fig. 7 , the material from the band having a density of 1.32 gcm -3 showed the typical IPNV 4-band polypeptide profile with some additional contaminating cellular proteins, as demonstrated in Western blot gels. However, when the 1.30 g cm -3 CsCl band was analyzed, only pVP2 and VP2 were seen.
DISCUSSION
Aquatic birnaviruses have a wide host range, infecting many species of fish. Although mainly known as agents affecting farmed salmonids, IPNV and IPNVlike viruses have also been isolated from wild fishes and VP3a (from top to bottom) (Hill 1982 , Ahne 1985 , Wolf 1988 . The first isolation of IPNV from feral fish was reported by Sonstergard et al. (1972) , who recovered IPNV from asymptomatic white suckers (Catastomus commersoni). Munro et al. (1976) reported the detection of IPNV among wild fish in Loch Awe and the virus was also reported from asymptomatic wild Arctic char (Salvelinus alpinus) by Souter et al. (1984) . Until the 1990s, IPNV was isolated from only a few marine species: Atlantic menhaden (Brevoortia tyrannnus) in Maryland, USA (Stephens et al. 1980) ; Southern flounder (Paralichthys lethostigma) in North Carolina, USA (Helms 1981 , McAllister et al. 1983 ; and wild yellowtail (Seriola quinqueradiata) in Tosa Bay, Japan (Isshiki et al. 1989 , Hosono et al. 1996 . In 1998, birnaviruses were isolated from cod and herring in the United Kingdom (ICES 1998). In 1999, Mortensen et al. reported the isolation of aquatic birnaviruses from flounder (Platichyhys flesus) and dab (Limanda limanda) from the marine waters surrounding Denmark. The most recent isolations of aquatic birnaviruses from marine species have been from wild flounder (Rhombosolea tapirina), cod (Pseudophycis sp.), spiked dogfish (Squalus megalops) and ling (Genypterus blacodes) during routine sampling in Australia (Crane et al. 2000) , and from flounder (Paralichthys olivaceus), Japanese horse mackered (Trachurus japonicus) and dark banded rockfish (Sebastes inermes) in Japan (Watanabe et al. 2002) . The isolations from marine fish seem to constitute a separate genogroup, as recently demonstrated (Zhang & Suzuki 2003) .
Our laboratory, in collaboration with the Instituto de Investigacións Mariñas (CSIC) and the Instituto Español de Oceanografía (IEO) (Vigo, Spain), has participated in 2 research campaigns carried out at the Flemish Cap, a fishery located in international waters, close to the Canadian Atlantic coast, and where fishing is regulated by the Northwest Atlantic Fisheries Organization (NAFO). From these studies, both birnaviruses and viral hemorrhagic sep- . (E) Tubular structures labeled by immunogold using anti-IPNV specific antisera ticemia virus (VHSV) have been isolated from different species of wild fish (Bandín et al. 1997 , Dopazo et al, 2002 . In the first campaign at the Flemish Cap in 1994 (FC'94), IPNV-like viruses were isolated from Atlantic cod (Gadus morhua), Greenland halibut (Reinhardtius hippoglossoides), American plaice (Hippoglossoides platessoides) and witch flounder (Glyptocephalus cynoglossus) (Bandín et al. 1997) . From the 1999 campaign, viruses having the typical birnavirus morphology were isolated (Romero-Brey et al. 2002) and their identity confirmed by RT-PCR in the present study.
Results from nucleotide sequencing demonstrated that the FC isolates were closely related or identical to each other. The new isolates were also closely related to the American reference strains DM and WB (representing serotype A1), both originally isolated from trout in Maine, USA (Leintz & Springer 1973) . This result was likely due to the geographic proximity of the Flemish Cap fishery to the Atlantic coast of the USA. In addition, it indicates a clear relatedness between IPNV isolates from aquaculture settings and from wild marine populations as reported for other fish viruses (Stone et al. 1997 , Dixon 1999 .
Interestingly, when the electropherotypes (EFT) of the viral genome segments of the FC isolates were analyzed, no similarity to any of the reference strains used was observed. Nevertheless, comparison with the electropherogroups (EGs) described by Cutrín et al. (2000) suggests the narrow pattern obtained for the FC isolates best corresponds to isolate EG6 related to the Ja strain. This does not agree with the results we obtained from sequence analysis, and Cutrín et al. (2003) have recently reported that the use of EFTs is not advised for typing of aquatic birnaviruses, as the results are not consistent with those obtained from serotyping, restriction fragment length polymorphism (RFLP), or sequencing.
The proteins in concentrated virus preparations were typical of IPNV-type proteins in their sizes and electrophoretic pattern. Moreover, they reacted with the anti-IPNV polyclonal antiserum in Western blots, further confirming the identity of the isolates. It was interesting that 2 distinct protein patterns were obtained for the different isolates when the viruses were cultured in EPC cells. Electron microscopy showed the presence of a high proportion of tubular structures in the preparations of those isolates having only the pVP2 and VP2 type proteins. This result suggested the approach of cloning of selected strains by serial dilution and attempting to separate the tubular structures from the typical IPNV-icosahedral particles. This strategy enabled us to discover 2 important features of the tubules: (1) they have slightly lower density (1.30 g cm -3
) than icosahedral particles (1.32 g cm -3
) in CsCl, and (2) they are constructed principally (or exclusively) from pVP2 and VP2-type proteins. Because cloning could never eliminate the icosahedral particles, presence of the tubules appeared to be strictly dependent upon the presence of the complete birnavirus particles.
The shape and size of the tubules we observed resembled those described in other aquatic birnaviruses (Moss & Gravell 1969 , Kudo et al. 1975 , Novoa 1996 , Espinoza et al. 2000 . Similar structures have also been detected, and extensively studied, in infectious bursal disease virus (IBDV), a birnavirus from the genus Avibirnavirus (Granzow et al. 1997b) . In this sense, the tubules described in the present report would be similar to those termed type I tubules by Granzow et al. (1997a) in IBDV, and Espinoza et al. (2000) in IPNV. Those tubules would be constructed exclusively from a precursor of the VP2 viral protein (Martínez-Torrecuadrada et al. 2000) , probably due to a lack of maturation of the pVP2 form to the VP2 (Chevalier et al. 2002) . However, the results from the present study indicate that both forms of that protein are incorporated in construction of the tubules.
Some authors have suggested that the VP3 would act as a scaffolding protein, which would be essential for the 'closing' of the tubular structures into icosahedral capsids, as well as for the maturation of pVP2 into VP2 (Martínez-Torrecuadrada et al. 2000 , Chevalier et al. 2002 . Considering that the tubules can be propagated in cell culture but cannot be completely separated from the IPNV-typical icosahedral forms by cloning and that cloning appeared to enhance the ratio of tubular structures in selected preparations, it may be possible that many of the virus particles in preparations having a high proportion of tubular structures contain some kind of mutation resulting in a failure to produce an active VP3 polypeptide. Whether or not a mutation in the genome is the mechanism to explain the generation of the tubules is under research at present, and will be the subject of a further report. 
